The presence of the gene Mx results in a greater interferon (IFN)-mediated antiviral resistance in cells challenged by orthomyxovirus. In the absence of IFN no difference in influenza virus yield was detected in Mx-bearing (Mx/Mx) or non-bearing (+/+) mouse embryo fibroblasts. Although the putative product of the gene Mx has been suggested to act in concert with IFN it is not clear whether showed resistance characteristic only of the nucleated cell donor. Thus, no cytoplasmic component present in Mx-bearing cytoplasts is able to cooperate with the nuclear elements of a + / + cell to induce a state of high influenza virus resistance. The simplest interpretation of these data is that specific resistance is not the result of modifications of virus growth or IFN activities but probably occurs by the IFN-mediated induction of the gene Mx, the product of which directly, or indirectly, interferes with orthomyxovirus replication.
INTRODUCTION
Strains of mice carrying the dominant autosomal gene Mx show a high level of resistance to lethal infections with orthomyxoviruses (for review, see Hailer, 1981) . The restriction of virus growth is specific for members of the orthomyxovirus family, since Mx-bearing animals are as sensitive to a variety of other viruses as non-Mx-bearing animals. The reduced virus pathogenicity is not the result of any immunological alteration (Fiske & Klein, 1975; Hailer & Lindenmann, 1974; Hailer et al., 1976; Lindenmann et al., 1978) but occurs as a result of the resistance of the individual target cells. A distinctive feature of resistance in the Mx system is its mediation by interferon (IFN). Treatment of animals with anti-interferon serum abolishes resistance (Hailer et al., 1979) , and the marginal resistance of neonatal Mx-bearing animals can be elevated by the administration of exogenous IFN (Hailer et al., 1980b , 1981 . It has been shown that influenza virus proteins do not appear in Mx cells treated with interferon and that t Present address: Laboratory of Molecular Biology, Building 37, Room 4B27, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20205, U.S.A.
0022-1317/83/0000-5345 $02.00 © 1983 SGM virus penetration does not appear to be affected (Horisberger et al., 1980) . The block in virus replication is therefore located at an early step, probably at the level of transcription or translation, although the details of how resistance develops are largely unknown.
Two general hypotheses can be proposed to explain the selectivity of IFN action for orthomyxovirus growth. IFN may induce the expression of a gene, the product of which would itself or indirectly interfere specifically with the replication of orthomyxoviruses. Several IFNinduced enzymic activities have been suggested to be relevant to the action of IFN in general (for review, see Baglioni, 1979) . Alternatively, a constitutively present product of Mx could cooperate with additional IFN-induced activities to produce an antiviral state with enhanced potency against orthomyxoviruses. Both these hypotheses explain the virus specificity since, in general terms, the restricted antiviral state could be due to the presence of either the IFNdependent or -independent component.
If the Mx gene product was constitutively present in Mx/Mx cells, then the fusion product of a Mx/Mx cell and an IFN-treated +/+ cell would be expected to show the high influenza virus resistance of an IFN-treated Mx/Mx cell. Such hybrids have been characterized. Fusions between Mx/Mx cells, treated with IFN but fused before they could develop significant virus resistance, and fully IFN-treated +/+ cells were also examined. Such heterokaryons might reveal whether multiple IFN-induced activities, individually insufficient to generate a state of high virus resistance, cooperate to elicit the resistance of IFN-treated Mx cells to influenza virus infection. The construction of cybrids, i.e. fusion products containing cytoplasmic elements of mixed parentage but the nucleus of only one parent, can be utilized to examine the possible contribution to influenza resistance of non-nuclear activities in Mx-bearing cells. The experiments presented test the above hypotheses and attempt to clarify how the product of Mx is related to IFN action.
METHODS
Mice. A2G mice, homozygous for the gene Mx (Mx/Mx) (Lindenmann et al., 1963) , were bred as previously described (Lindenmann, 1964; Lindenmann et al., 1978) . BALB/c or C57BL/6 mice served as the source of nonMx-containing (+ / + ) cells.
Cells. Primary mouse fibroblasts were prepared by mincing and trypsinization of 16-to 18-day-old embryos and established in monolayer culture with Medium 199 supplemented with 10~o foetal calf serum (FCS, Gibco). Primary cells reached confluence the following day and were then transferred to minimal essential medium (MEM) with 10~ FCS and passaged at a split ratio of 1:3. Subsequent passaging was done at 4-day intervals. Cells in these experiments were used at passage 2 or 3.
Virus. The avian influenza virus, strain A/turkey/England/63 (HavlNav3) (Hailer & Lindenmann, 1974 ) was grown in 10-day-old embryonated eggs. The preparation had a haemagglutination (HA) titre of 1:512, and contained 107.5 mean tissue culture infective doses (TCIDs0/ml) on MDCK cells, or 106.5 TCIDso/ml on A2G or BALB/c fibroblasts. Vesicular stomatitis virus (VSV), serotype Indiana, which has had numerous passages in embyronated eggs, had a titre of 1077 TCIDs0/ml on L-929 cells and 106.5 TCIDso/ml on A2G fibroblasts.
Interferon. Mouse interferon induced by Newcastle disease virus in C243 cells and partially purified (Tovey et al., 1974) to a specific activity of 107 IU/mg protein was a gift of Dr I. Gresser, Villejuif, France, and has been described in detail (Arnheiter et al., 1976) . It was titrated on an L-929/VSV system as described by Tovey et al. (1974) .
Fusions. These were carried out in a way similar to that previously described (Davidson et al., 1976; Lucas & Kates, 1976) with the following specific modifications : 104 cells were sparsely seeded onto 18 mm 2 glass coverslips and after overnight incubation were washed into serum-free MEM. For polyethylene glycol (PEG) fusions, slides were overlaid with 2 x 10 s donor cells in a volume of 0.025 ml for 5 min, a time which allowed sufficient cell contact through settling and minimized background attachment. Slides were tilted on edge and excess media and cells aspirated away. PEG 4000 (Merck) (40~, w/v) in MEM was added as an overlay in 0-05 ml for 3 min at ambient temperature followed by extensive gentle washing with warm MEM. Ceils were then cultured for 1 h at 37 °C to allow stabilization of the heterokaryons prior to virus infection. If Sendai virus was used as a fusion agent, the slides were first overlaid with a suspension of u.v.-inactivated (determined by egg infectivity; 2 ml allantoic fluid was irradiated in a 35 mm 2 dish under a GE G 15T8 germicidal lamp at 10 cm for 3 min) virus containing 100 haemagglutinating (HA) units in 0-025 ml for 10 min. Donor cells were added, as before, directly to the slides and allowed to settle for 10 min. Virus and non-fused cells were washed away and fusions incubated for 1 h prior to IFN addition, or if to be infected with influenza virus, incubated for 6 h to allow regeneration of virus receptors initially destroyed as a result of the Sendai virus neuraminidase.
Enucleation. Previously published methods were employed (Prescott et aL, 1971 ; FoUett, 1974) . Cells (104) were seeded onto thick round glass coverslips and enucleated by centrifugation in the presence of cytochalasin B (10 ~tg/ml) for 35 min at 12000g. This resulted in 80 to 90% enucleation. When washed into growth medium the cells rapidly recovered their cytoskeletal organization.
Latex bead labelling. Populations of cells were labelled with 1-0 p.m beads (Polysciences), either white or highly green fluorescent, by overnight culture: 3 x 106 cells/75 cm 2 were treated with 108 latex beads (Smith & Stiles, 1981) . Although labelling was variable, most cells contained between 5 and 50 beads. Fusion heterokaryons were identified as containing an interdispersed mixture of 5 or more beads of both types.
Virus infections. Cells on coverslips were infected with virus added as a 1 : 5 dilution of allantoic fluid for 30 min, followed by washing. The multiplicity of infection was estimated to be approximately 5 to 10.
Immunofluorescence. At 5 h after infection at 37 °C, the cells were air-dried. An IgG fraction of an anti-A/turkey/England/63 antibody directly labelled with fluorescein isothiocyanate (FITC) was added for 30 min followed by three 5 min washes with phosphate-buffered saline. Coverslips were mounted with Tris-glycerol (50%) pH 8.2, and observed with a Zeiss fluorescent microscope using fluorescein epifluorescent optics. Controls consisted of non-virus-infected, virus-infected but air-dried after 1 h, or IFN (500 IU/ml)-treated virus-infected cells. They revealed low levels of background excitation, comparable to background autofluorescence. Fluorescence was specific for influenza A virus since infection with influenza B virus (Lee) showed no specific fluorescence. Nuclear fluorescence due to the influenza virus ribonuclear protein antigens was observed, although inconsistently and rather late in the course of infection (3 to 4 h) indicating that the antisera were primarily directed against the surface HA and N antigens. Interferon treatment tended to reduce both the intensity of specific fluorescence as well as the actual number of positive cells. Due to the specificity of the antiserum it was possible to minimize ambiguities in the necessarily subjective evaluation of virus replication. Several slides within each group were counted multiple times and the precision was consistently within 10 %. VSV immunofluorescence was monitored using a mouse anti-VSV antiserum followed by an FITC-conjugated anti-mouse Ig second antibody.
RESULTS

Demonstration of Mx-specific resistance in mouse embryo fibroblasts
Second passage mouse embryo fibroblasts from Mx/Mx and +/+ animals were characterized for their IFN response to both VSV and influenza viruses. In Fig. 1 (a) , a virus yield reduction experiment shows that both cell types responded identically to IFN when challenged with VSV, but that only the Mx/Mx cells developed appreciable resistance to influenza virus. The effect is IFN dose-dependent, becoming pronounced at IFN doses in excess of 100 U/ml. Thus, embryonic cells carrying the gene Mx showed the same differential response to IFN as macrophages (Lindenmann et al., 1978) or hepatocytes obtained from adult animals. In Fig. 1 (b) , specific virus immunofluorescence was used to determine the effect of IFN on virus growth. The enhanced resistance of Mx-bearing cells to influenza virus challenge in response to IFN treatment was readily demonstrated by this method. The Mx effect is more obvious in this instance, most probably because appreciable virus growth must occur before it can be detected by immunofluorescence, as compared to infectious yields (Fig. 1 a) .
Identification of fusion heterokaryons by latex bead content and immunofluorescence
MEF cells growing on coverslips were labelled with latex beads, treated with IFN for 18 h, then fused with various donor cells which had been labelled with different latex beads. The cells were washed, infected, and prepared for immunofluorescence as described for Fig. 1 . Fig. 2 (a) shows the different types of cells after such a treatment. The prominent binucleate cell represents a fusion hybrid, identified because of its heterogeneous content of interdispersed cytoplasmic beads (binucleation was not a reliable indicator of fusion since many nuclei themselves go on to fuse). In Fig. 2(b) , the same field is viewed under fluorescent optics. The intensity of the fluorescein-conjugated beads made photomicrography exposure difficult; however, specific influenza virus immunofluorescence was clearly discernible. (See, e.g., the cell immediately above the heterokaryon.) Other cells, predominantly IFN-treated, some noninfected, revealed no fluorescence. Earlier studies had indicated the feasibility of transferring, by fusion, an IFN-mediated antiviral state to a cell which had not been IFN-treated (Veomett & Veomett, 1979) . It therefore seemed feasible to test whether heterokaryons formed by the fusion of an IFN-treated + / + cell with a non-IFN-treated Mx/Mx cell would show enhanced influenza virus resistance, beyond that of the donor, non-fused, cells. Sendai virus was initially used because of its higher fusion efficiency as compared to the PEG technique. It was verified that Sendai virus treatment did not alter the ability of the cells to be protected by IFN. Neither did treatment alter the extent of * Latex-labelled cells previously treated with various amounts of IFN were fused with Sendai virus to preestablished cells, differently latex labelled, on coverslips. Six h later, ceils were infected with influenza virus for 5 h, then air-dried. Virus-positive cells were determined by immunofluorescence. Fusion efficiency was between 0.5~ and 5~, and 25 to 75 hybrids were scored for each data point. 24 83 * Conditions were as described in Table 1 except that fusions were performed with PEG and thus cells were infected after a short, 1 b stabilization period. Fusion efficiencies were about fivefold lower than with Sendai virus and data from replicate slides in two batches were pooled to yield sample sizes of 20 to 50 heterokaryons for each data point.
pre-existing antiviral resistance, nor was the ability of the cells to be superinfected with influenza virus diminished (after 6 h incubation to restore virus attachment sites; see Methods).
The results of this experiment (Table 1) show that in all instances the level of antiviral protection attained in the fusion heterokaryons was a reflection of the resistance which existed in the IFN-treated donor cell. Since non-fused cells could be observed on the same slide their resistance was directly determined and did not differ from the independently derived control values (Table 1, 1297 * Fusions were between BALB/c cells, either IFN-treated for 18 h or untreated, and A2G cells which had been pulsed with IFN for 1 or 2 h. IFN was employed at a dose of 125 U/ml in all cases. Fusions were with PEG and conditions were as described in the text and in Table 2. non-fused) did not result in any protection of the +/+ cells by co-culture with IFN-treated
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Mx/Mx cells (lines 7 and 8).
Cells were also fused with PEG, thereby avoiding possible complications arising from the use of Sendai virus (Table 2) . A lower dose of IFN was employed, but the data followed the same pattern. Protection in the fusion heterokaryons was solely a function of the donor IFN-treated cell and there was neither a synergistic enhancement nor an inhibition of the effect in the two possible heterotypic crosses. A point of particular interest was that, as before, no non-interferoninduced activity was present in Mx/Mx cells that complemented the existing IFN-activated state in +/+ cells to yield a highly influenza-resistant state in the heterokaryons.
Is influenza-specific resistance the result of multiple IFN-induced cooperating activities?
The gene product of Mx could be conceived as being induced by IFN but promoting a highly influenza-resistant state only in the presence of other IFN-induced activities, presumed to be present in + / + cells. This might be inferred if Mx-bearing cells induced with IFN, but fused at a time before they could develop appreciable antiviral activity themselves, cooperated with IFN-treated +/+ cells to yield hybrids of high virus resistance. Therefore, A2G cells, IFNtreated for 1 or 2 h, were fused to BALB/c (+/+) cells previously treated with IFN for 18 h (Table 3) . Such heterokaryons, although showing a resistance level slightly higher than either of their parents, did not approach the level attained in fully IFN-induced Mx/Mx cells.
Do Mx-bearing cells contain cytoplasmic elements which would enhance the influenza virus resistance of non-Mx-bearing cells at the level of induction ?
The experiments presented so far have utilized heterokaryons from cells which had been previously treated with IFN and subsequently fused. As such, they do not allow for the possible de novo generation of an antiviral state. The defect in + / + cells could be a failure to induce the activity needed to inhibit influenza virus growth, as opposed to an explanation which emphasized an insufficiency or defect in the immediate effector of virus inhibition. In the absence of the nuclear genes required for the establishment of an antiviral state (Radke et al., 1974; Stewart, 1979; Young et al., 1975) , would an Mx/Mx cytoplast be competent to express the nuclear components of a +/+ cell required to generate a potent anti-influenza virus state when subsequently treated with IFN? , were fused by Sendai virus with intact BALB/c or A2G cells. IFN was added and hybrids cultured for a further 18 h prior to challenge with influenza virus. In the cross A2G (enuc) x BALB/c a correction (mean and deviation) was made to account for the percentage of heterokaryons which consisted of non-enucleated A2G donors that would be expected to be resistant to virus challenge. Enucleation was determined by Giemsa staining and in this experiment was 81 ~.
A2G fibroblasts (Mx/Mx) were enucleated and fused to whole cells of either Mx/Mx or + / + genotype and then treated with IFN for 18 h followed by influenza challenge (Table 4 ). The physical manipulations of enucleation and fusion do not appreciably alter the susceptibility of the hybrids to infection or treatment with interferon. The level of protection in +/+ cells, however, was not enhanced by the introduction of cytoplasmic components from Mx-bearing cells, although the control homotypic A2G fusion was highly protected by IFN. A Mx/Mx cytoplast could not therefore complement the defect of the + / + cell at the level of induction.
DISCUSSION
Cooperation between the host gene Mx and interferon results in an antiviral state with high activity against orthomyxoviruses. Virus-specific effects of IFN have also been described in embryonal carcinoma cells (Nilsen et al., 1980) and some non-antiviral effects of IFN may also be under host gene control (DeMaeyer & DeMaeyer-Guignard, 1980) . These observations could be explained by assuming that qualitative or quantitative differences exist in the antiviral state. These differences may not be limited to the IFN-induced activities since intrinsic cellular characteristics may also influence the efficacy of antiviral mechanisms and thereby confer virus specificity.
Little is known of how the product of Mx is related to IFN action. An explicit hypothesis which was tested was that the Mx effect was the result of cooperation between activities which were themselves, individually, insufficient to promote a state of high virus resistance. A careful immunofluorescence examination did not reveal any qualitative or quantitative difference between Mx-bearing and control cells in the extent of influenza virus growth in the absence of interferon, confirming that no autonomously acting anti-influenza activity is present in Mx cells. Additional data (Table l, line 3 ; Table 2) indicate that no constitutive activity was present in Mx-containing cells that generated a highly influenza-resistant state when introduced by fusion into interferon-treated +/+ cells. The Mx phenotype therefore requires IFN for its expression. It is possible that several IFN-induced activities are needed to inhibit influenza virus growth and that + / + cells do not achieve sufficient levels of one, or more, of these. If the putative cooperating, IFN-dependent, components are induced with different kinetics it may be possible to fuse incompletely IFN-activated Mx/Mx cells with fully IFN-induced + / + cells and thereby reconstitute an influenza virus-resistant state in such heterokaryons. The data (Table 3) show that Mx cells pulsed with IFN for short times do not generate any activity which can complement the partial antiviral state of fully IFN-induced + / + cells. Thus, the existence of multiple IFN-dependent activities which result in the Mx phenotype can not be inferred by this type of experiment.
An aim of this report was to clarify the role of possible host cell modulations of the antiviral state. Do -I-/ + cells in fact have all the necessary genetic elements to initiate a highly influenzaresistant state in response to IFN, but fail to do so because they were incompletely activated (e.g. by failure to transmit the IFN signal to the nucleus)? Cybrids containing cytoplasmic components of both cell types but nuclei only of +/+ type were perfectly permissive for virus growth and also inducible to an antiviral state by IFN, showing that their nuclear functions were intact. The level of protection attained in such hybrids was, however, characteristic only of the nucleated cell donor (Table 4) . Collectively, these results imply that Mx exists as a specific nuclear gene, induced by interferon, which serves to render cells refractory to orthomyxovirus growth. As a corollary, the results would minimize the contribution of cellular (non-nuclear) factors which might be present in Mx-bearing cells serving to modify the IFN-induced antiviral state or virus growth, and thereby lend support to the proposal that Mx resistance is the result of distinct anti-orthomyxovirus activities. Within the limits of the present methodology, no evidence has been found for multiple IFN-induced activities which cooperate to form the influenza virus antiviral state (Table 3 ). The simplest interpretation of these data is that IFN induces the expression of a gene Mx, the product of which inhibits influenza virus replication.
The antiviral state induced by IFN may be viewed as a composite of multiple resistance mechanisms, Mx being only one of them (Hailer et al., 1980a, b) . The role of the various IFNinduced enzyme activities (Baglioni, 1979) in specific virus resistance is as yet largely unknown, although it has been proposed that the virus-specific effects of IFN in embryonal carcinoma cells may be correlated with the presence of the 2-5A synthetase (Nilsen et al., 1980) . A complication of comparisons of this type is that IFN effectiveness is most desirably compared with identical viruses in closely related cell types. The Mx system offers the advantage that background cellular differences can be minimized and only the contribution of the specific gene product which governs virus resistance evaluated.
